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Abstract The distribution of the sum of independent random variables plays
an important role in many problems of applied mathematics. In this chapter we
concentrate on the case when random variables have a continuous distribution with
a discontinuity (or a probability mass) at a certain point r. Such a distribution
arises naturally in actuarial mathematics when a responsibility or a retention limit
is applied to every claim payment. An analytical expression for the distribution
of the sum of i.i.d. random variables, which have a uniform distribution with a
discontinuity, is reported.

Keywords Mixed distribution ¢ Sum of random variables * Sum of uniform
random variables

1 Introduction

There are a number of problems in different fields of applied mathematics where
it is required to calculate the distribution of the sum of independent random
variables. This distribution for the case of uniform variables appears in such
problems as handling data drawn from measurements characterized by different
levels of precision, change point analysis, and aggregating scaled values with
differing numbers of significant figures [3]. The solution for a simpler case of
independent identically distributed uniform variables was obtained by Lagrange in
the theory of geometric probabilities [4]. This distribution is also known as Irwin—
Hall distribution for two different proofs of its formula given in Irwin [7] and
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Hall [6]. An analytical expression for the distribution of non-identically distributed
uniform variables is first found in Olds [9]. A number of subsequent works are
devoted to this distribution and different proofs of its formula: Bradley and Gupta
[2], Sadooghi—Alvandi et al. [11], Potuschak and Muller [10], and Buonocore
etal. [3].

In this chapter we consider the case of independent identically distributed
random variables, which have a uniform distribution, but with a discontinuity (or a
probability mass) at a certain point . Such a distribution arises naturally in actuarial
science, where r plays a role of a responsibility or a retention limit applied to every
claim payment [1, 8]. The probability density of the sum of n payments is the n-
fold convolution of the mixed density and mass function. For the case of mixed
exponential density and mass function, the analytical solution is derived in Haehling
von Lanzenauer and Lundberg [5] by means of Laplace transform. In this chapter
we use an inductive procedure to get an analytical formula for the case of a mixed
uniform density and mass function.

2 Uniform Distribution with Discontinuity

Let us consider a mixed uniform distribution at [0, 1] with a probability mass at point
r (Fig. 1).

0, x<0,
Fx)=qx, 0<x<r
I, x>r

The distribution function of the sum S, = X + X, + - - - + X, is denoted as F,(x):
Xi~F(x), Sy~ Fy(x).

The goal is to find an analytical formula for F,(x). Note that for the case r = 1 there
is no discontinuity and the formula is well known [4]:

= L ‘
F,,(x):H;)(—l)C;,(x—l)", x€lk—1,kl, k=1,2,....n.
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2.1 Recurrent Formula

We denote the probability of event E as P(E). The sums of n+ 1 and n variables X;
and their distributions are connected by the following relations:
Spp1 =S+ Xpp1~ Fn+1(x) = P(Sn <x _Xn+1)7
Su~Fy(s) =P(S, <s),
Xpi1 ~F(t) = P(Xyy1 <1).

Since F(x) has a discontinuity at point r it is necessary to find out how it is reflected
on Fy(x). The probability density of X; (generalized function) is equal to

£le) = {(1)+(tl<—(l)’)t5(t—r), 0O<i<r
) —_ ) >r7

where 6 (7 — r) is the Dirac delta function. As soon as X; can take values only from
[0, r] segment then the sum S, = X| + - - - + X, belongs to [0, nr| segment:
P(S, <0) =P(S, >nr)=0,
PX;=r)=1-r,
P(S,=nr)=(1-r)",
P(S,<nr)=1—(1-r)".

As aresult we have that function F;(x) has a jump of (1 — r)" height at point x = nr:

0, x<O0,
F,(x), 0<x<nn
1-(1-1", x=nrn

1

Fy(x) =

, X>nr

Here and after we will consider function F,(x) only on [0, nr] segment.

Lemma 1. The following recurrent formula is true for the sum distribution function
Fy(x):

fF,,(t)dt, 0<x<r,
X

Fii(x) = J Fa(t)dt + (1 =r)Fy(x—r), r<x<nr
X—r

}r F,(t)dt+ (x—nr)+ (1 —r)F(x—r), nmr<x<(n+1)r.
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Fig. 2 Integration region for
the case x < nr

, x>(r+r

0 XN .f
=x-t r<x=nr
s=x-t 05x=r

s=x-¢t x<0

Proof. To find distribution function £y, (x) = P(S, < x — X,,11) it is necessary to
calculate the integral of the joint probability density of S, and X, ;| over region
D:S, <x—X,4 (see Fig.2).

We calculate F,+1(x) on [0, (n+ 1)r] segment taking into account the special
values s =nrandt =r:

P(Sp <x—Xup1) =P((Sn <x—Xp11)&(Sp # nr)&(Xy1 #71))
+ P((Xpp1 = 1&(Sy <xr)&(S, # nr))
+P((Sy=nr)&Xpp1 <x—nn)&Xy11#71)),

Far(x) = [[ fu5)f@)dsde+ (1= r)Fyle =)+ (1= )" Fx =)
D
Note that F (x — nr) = 0 for x < nr and thus

£ffn(S)f(t)dsdt +(1=r)Fy(x—r)+ (1 —r)" (x—nr),

nr<x<(n+1)r
Foupi(x) = sx<l )

Lf)ff,,(s)f(t)dsdt—i— (1—=r)F(x—r), 0<x<nr

To get the integral over region D we will consider three cases:

1. r <x < nr (see Fig. 2):

r

//f,,(s)f(t)dsdt = /dt ytfn(s)dsz /rF,,(x—t)dtz / F,(t)dr.
D 0 0 0 X

—r

X
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Fig. 3 Integration region for S A N

the case x > nr
s=x-t, xx»(n+)r
\—m‘

%N
%

nr

s§<—i, nraxs=(n+Dr
X =i

i3

s=x-t 0Sx<nr
\s=x—.¢, x <l

/ Ju(s)f(t)dsdt = /xdl‘ x/tfn(s)dS— /an(t)dt.
0o 0 0

D

2. 0 <x < r(seeFig.2):

In this case we also have x — r < 0 and hence F,,(x —r) = 0.
3. nr <x<(n+1)r (seeFig. 3). The integral is equal to the sum of two ones because
region D has two parts (divided by the dashed line on Fig. 3):

/ﬁ@y@wm_sz%@MH /m7%@w
0 x—nr 0

D 0

:u_u_@%@_myb/namﬁ

As aresult we have the required recurrent formula for the sum distribution function:

JE(t)dt, 0<x<m,
0

Fen@) = | Bdi+(1=0F=n), r<s<m
}rF,,(t)dt—i—(x—nr)—i—(l—r)F,,(x—r), nr<x<(n+1)r
O

It the next lemma it is shown that this distribution is a piece-wise function having
(n+1) pieces on [0, (n+ 1)r] segment.
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Lemma 2. The following recurrent formula is true for the sum distribution function
F(x):

(k—1)r x
Fig = [ FNodi+ [ Fi@)de+(1—r)F x—r),
F (x)* xX=r (k—1)r
n+ 1) = (k—1)r<x<kr

(n—1)r X
Fla)= | F,i’*l(t)dﬂr( .f) Fp()dr+(1—r)F~ (x—r),
x—=r n—1)r

(n—Dr<x<nrn
nr
Eril ) = [ E(6)di+ (x—nr)+ (1= r)F} (x=7),
X—=r

nr<x<(n+1)r.

Proof. At first we will prove by induction that function F,(x) has n pieces on [0, nr]
segment:

El(x), 0<x<r
<x<
Falx) = "(x), r<x<2n
F'(x), (n—1r<x<nr

For n = 1 this statement is true: Fj(x) = F]'(x) = x for 0 < x < r. Assume that it
is true for F,(x) and prove that it is also true for F,(x). We will use the recurrent
formula for r < x < nr:

Frot(x) = /Fn(t)dH— (1= P Fa(x—r).

As soon as Fy(x) has n pieces F ..., F" then on every segment [(k — 1)r, kr] (where
k=2,n) F,1(x) has different expressions. If x € [(k — 1)r, k], then

x—r € [(k=2)r, (k—1)r],
Fyux—r) = F,ffl(x—r),

X (k*l)r X
/ Fy(t)di = / FEl0dr + / F()dr.
x—r x—r (k—1)r
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Thus for [(k— 1)r, kr] segment we have

Fu1(x) =FF  (x /F“ (t)dt + / EXdr+ (1= r)F- 1 (x—r).

For [0, r] segment,
Pt () =l () = [ El @),

And for [nr, (n+1)r| segment,

Foii(x /F Ydt+ (x—nr)+ (1 = r)F,(x—7r),

Fot () = F"4 () /F” (t)dt + (x— nr) + (1 — P)EP (x — 1)

This proves our statement for F,.(x). The desired recurrent formula follows
immediately from this proof. O

This formula will be used later to get the main formula for F,(x), but before we need
to derive an auxiliary formula for F (x).

2.2 Auxiliary Results

Lemma 3. The following formula is true for F,(x) on [(n — 1)r, nr] segment:

i (x—nr)"" -

Fl'(x) = ZC’ (r—1) NCETIE

Proof. Let us prove this formula by induction. For n = 1 it is true:

—r1 x—ro
Flx)=1-(-1)' ((r_1)° (x“) —I—(r—l)l%) =x.

Assuming that the formula is true for F;' we will show that it is also true for F,f’:ll
using the recurrent relation:

Rl = (e=nn)+ [ FiOdi+ (1= n)F 1),

(x nr)" ni

Fl'(x) = Zc' (r—1) NrET
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After inserting the expression for F,', taking the integral, and changing the index
variable in the last sum we obtain

n
F,:’jll(x) =(x—nr)+nr—(x—r)—0+ (—1)”ZC;,V[
i=0
n+1

H(=n)+(=D)"Y
i=1

where
) _ 1 n+1—i
Vi 1y D)
(n+1-10)!
And finally, using the relation C} +Ci=! = le +1» We get the desired expression for
F

n
F;LI (x) =1~ (_1)n+1 <Z C;;+1Vi+VO+Vn+1>
i=1

n+l (x—(n rn+1*i
==Y G 1y B

Now everything is ready for the main formula proof.

2.3 Main Result

Theorem 1. The following formula is true for F,(x) on [(k— 1)r, kr] segment (k =
Ln):

T N B N £ € 0 A
Fi(x) =Y [(=1)'C, Y. Cl(r=1) M
i=0 j=0 (n =)t

To simplify the expressions used in the proof we will introduce the following
notations:

jx— ir)”fjJrl

Vij(x) = (r—1) BT
() = (— iy IV () = (— iy J(r— M
Uil = (1 X G0 = () R =)

The proof is divided into several parts.
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Lemma 4. The formula from Theorem 1 is true for k = n.

Proof. We will prove the formula for F'(x) by induction. For n = 1 it is true:

Al = (=1 (r=1)° 7 =x
Assume that formula is true for F (x):
n—1 L S (x— i)
RW=3 |-G Y d -1y 0
i=0 j=0 (n—J)!
Also we have an auxiliary formula (Lemma 3):
n n—j
Flx)=1-(=1)" C-"r—ljﬂ 2
R O ]
Subtracting these two equalities (1)—(2) we obtain
n R (e — i)
1=y |Gy ey S 3)
i=0 =0 (n—j)!

Again to prove the formula for Fr:’jll (x) we apply the recurrent formula from
Lemma 2:

Frl(x) = (v—nr) + / F ()i + (1= r)E (x—r). @)

X

Replacing (x —nr) with [ 1dr and inserting the expression (3) instead of (1) into
nr

this integral, we have

(x—nr) = /X

nr

n

i e _ (e —in)"
5 (e g

i=0

n n
=Y CiUi(x) = Y. CiUi(nr).
i=0 i=0
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Inserting the expression (1) for F"(x) to the second and third items of the recurrent
formula (4), we have

" n—1 n—1 R A
/Fr?(f)df =Y CUi(nr) =, l(—l)'cfl ZC,JVI'H,,'(X)],
2 i=0 i=0 =0
n—1 i+1
(I=nFx—r) ==Y |(-1)C ZC’ Wi (x
i=0

Note that U,(nr) = 0 and thus

n n—1
Y CUi(nr) =Y, CLU;(nr
i=0 i=0

So summing all the three items of Eq. (4) we obtain

n—1 o .
it = S z[<—1>’czzczvf+l,j<x>]

i=0 j=0

n—1
-2
i=0

i+1
Cl ZC V1+l FA%S

Joining the last two sums into one and using relation C’ CJ = Clj /. |- we have
1 n—1
n+ z
Fn+1 Z C Z
i=0 i=0

[ (Z l+1‘/l+1j +Vi+170(x)+‘/i+1,i+1(x)>]

n-l il
. ciu z[<—1>’c;zczﬂviﬂ,,~<x>

j=0

i CiUi(x) + i CUi(x).
i=0

i=1

Finally making some transformations with these two sums, joining them into one
and using relation C} + C:-! = C! , |, we get the required expression:

n+1°
Fi(x) = +2C,’1+1U ZCnJrlU x)
i=1 i=0
n i . Ay i\t
S e, Y oy B

The next special case to be proved for the main formula is k = 1.
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Lemma 5. The formula from Theorem 1 is true for k = 1.

Proof. The case k = 1 is the simplest one, and the formula to be proved is the
following:

For n =1 itis true:

Fl = 1' =X
Assuming it is true for F,!, we show that it is also true for F!

w1 Dy means of the
recurrent relation from Lemma 2:

xn+1
El(t)dt = dt .
Fan = / (n+1)!
O
Now we are going to consider the general case for the main formula, k =
2, 3, ..., n— 1 and prove the theorem.
Proof. For proving of the main formula for k =2, 3, ..., n — 1 we again use

induction by n. The formula is true for n = 1,2 because for Fl1 ,F21 it satisfies Lemma
5 and for F22 it satisfies Lemma 4. Now assuming that the formula is true for F¥,
k=1,2,3, ..., nitis necessary to prove it for n+l’k 2,3, ..., n—1.So from
this assumptlon and from the recurrent formula we have

k S i N (a—in)"
Fn(x)ZZl(_l) C;Izzci("_l)j—.),],

i=0 =0 (n—j)!

1y Ty iy i)
Fn ('x)_z ( 1)anci(r 1) . ’

=0 (n—))!
Ffo(x /F“ t)dt + / EX@)dt+ (1 —r)EF Y (x—r).

The items of the sum in the recurrent relation can be rewritten as

(k=D)r
/ Fk 1 z Cl ‘k Dr

k=2

k=2 T A
= ;)Cf,U,»((k— Hr) =3 (-1)'C, ;)CfViHJ(X),

i=0
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=1 =1
/ FX(t)dr = ZC’ i 1= 3 CU) — 3 CLi (k= 1)),
i=0 i=0

(k=1)r
k=2 ol
(=N F a=r) == 3 (=1)'G X G Vi1 ().
i=0 j=1

Note, that Uy ((k—1)r) = 0 and hence

k=1 k=2
;)CLUi((k— D)r) = ;)C;,U,-((k— 7).

So after summation we obtain

k=2 i k=1
Fia) ==Y (=1)'C, Y. C/Vii j(x)+ Y CiUi(x)
i=0 j=0 i=0

k=2 il
= (=1)'C Y Vi ().
i=0

Jj=1

Joining of the first and the last sum and applying relation C;i + Cij = C:j+1 give us

k-1 k-2
x) =Y GUx) =Y (-1) (2 L Vi (x +Vz+10+V:+1z+1>
i=0 i=0

k=2

k-1
=Y CUix)+ Y, CUis1 (x).
i=0

i=0

Finally these two sums are also joined and relation C}, +Ci~! = C! w41 18 applied after
some simple transformations:

' k—1 ( _ -r)lH*l*].
Fpoq(x —I—z +1U z +12C (r—1) T .
i=0 (n+1-=j!
This completes the induction and proves the main result for all » and k. O
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